matrices and enrich target compounds. Enzyme-linked immunosorbent assay (ELISA), a quick and cheap approach, is the first line of screening utilized for the determination of the presence of an abused drug in biological samples. However, it cannot be used to reliably identify the tested drugs. 12 Thus, there is a demand for a fast and direct method with minimal sample pretreatment for forensic drug analysis.
To this end, surface plasmon resonance (SPR), an optical sensing technique that investigates surface phenomena and generates a signal related to a change in refractive index at the metal was considered. It has the advantages of rapid-response measurements with high sensitivity and specificity, without the need for intricate sample preparation. The value of SPR equipment is less than the currently used for MA analysis.
SPR has been known to be a capable analytical technique for the detection of various biological molecules, chemicals, and metal ion, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and as such, it is a promising tool for forensic drug analysis. 25 There are limited reports related to the detection of MA using an SPR biosensor. Sakaia et al 26 Furthermore, previous studies have found that the MA concentration in oral liquid could correlate well with those in blood and plasma. 28, 29 In this study, an SPR sensor based on indirect competitive immunoassay enabling the rapid detection of MA is presented. The immobilization process and MA-antibody concentration were individually optimized. The specificity of the sensor was evaluated by testing the oral fluid samples from forensic cases. High sensitivity and satisfactory recovery were obtained. This work sheds some light on developing SPR sensor as a powerful technique for the forensic monitoring of MA. Acetic acid-sodium salt was purchased from Sinopharm Chemical Reagent Co., Ltd. Acetic acid was purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd.
| E XPERIMENTAL

| Chemicals and reagents
| Instrumentation
An automatic flow injection system (BT100F-1) was used for sample injection. SPR measurements were performed on a Biacore 3000 system (Swit). The MA diagnostic kit (colloidal gold) was purchased from ACON Biotech Co., Ltd. The CM5 sensor chip (20 mm × 10 mm × 0.5 m) was obtained from the General Electric Company. A ThermoFisher Micro 21 centrifuge and an Amicon ultra-0.5 centrifugal filter unit (Merck KGaA) were used for the purification of samples.
| Immobilization procedure of the MA-BSA conjugate
The immobilization of MA-BSA conjugate consisted of the following three steps. First, the chip was mounted on the SPR platform. 
| SPR measurement
An indirect competitive immunoassay format was used for the de- 
| Calibration curve
The stock solution of MA (1 mg/mL) was diluted with PBS, and then mixed with an equal volume of 25 µg/mL MA-Ab, to obtain final con- 
| Oral fluid collection
The specificity of the sensor was evaluated by testing frozen oral fluid samples collected from 20 suspected drug abusers in forensic cases. All samples were collected in accordance with the ethical guidelines and permission of the institutional review board (IRB).
For analysis, the frozen oral fluid was stable at room temperature for ten minutes. Then it was added to an Amicon ultra-0.5 centrifugal filter and centrifuged at 12 000 rpm for 10 minutes. The supernatant was mixed with Ab solution and injected into the SPR system for analysis.
| RE SULTS AND D ISCUSS I ON
| SPR immunoassay format
The molecular weight of the analyte is a key factor when selecting the immunoassay format. MA (MW: 149.237 g/mol) itself has no immunogenicity, thus an inhibitive assay to indirectly measure the concentration of MA was adopted. Alternatively, in an indirect format, the immobilization of target molecules with a conjugated protein onto the sensing chip provides a higher degree of robustness and reusability even under acid and basic conditions 26 . In this approach, the conjugate antigen (MA-BSA) was firstly immobilized on a sensor chip and was then exposed to PBS solutions containing MA and antibody to allow the immunoreaction to take place. As shown in Figure 1 , MA functions as an inhibitor to the immunoreaction between the antibody and MA-BSA, and a strong decrease in response occurred with the addition of MA, suggesting the presence of binding affinity between MA-BSA and MA-Ab.
| Optimization of immobilization of MA-BSA conjugate
MA-BSA was covalently immobilized to the carboxymethyl dextran matrix on the sensor chip through EDC/NHS esters under acidic condition (acetic acid-sodium acetate buffer). To achieve the best sensor performance, MA-BSA conjugate (1 mg/mL) was immobilized at different pH levels: 4.0, 4.5, 5.0, and 5.5. The correlation between resonance signals and the pH value is shown in Figure 2A . It can be seen that the decreased pH value led to a gradually rising resonant signal until approaching saturation at pH 4.0-4.5. A pH of 5.0 is suitable for better assay sensitivity and discernible signals for a wider range of analyte concentrations. Thus, in order to favor competition, we immobilized MA-BSA conjugate at pH 5.0 and tested several MA-Ab concentrations in the following experiments.
| Optimization of MA-Ab concentration
The MA-BSA immobilized chip was exposed to the flow of several MA-Ab concentrations including 6.25, 12.5, 25, 50, and 100 µg/ mL, respectively ( Figure 2B ). The resonance signals increased with increasing concentrations of the antibody, and there was no indication of surface saturation within the tested concentration range. However, at lower concentration levels of 6.25 and 12.5 µg/mL, the responding resonance signals were relatively low, which might lead to a relatively narrow linear range.
Conversely, using higher antibody concentrations of 50 and 100 µg/mL would cause an increase in the cost. Therefore, an MA-Ab concentration of 25 µg/mL was deemed appropriate for the MA sensing assay.
| Reusability of the sensor chip
In order to assess the reusability and robustness of the sensing chip and the reproducibility of the measurements, we tested the chip reaction process using 50 mmol/L NaOH as a regeneration reagent.
As seen in Figure 3A The recycling experiments in Figure 3B showed that the same chip could be reused at least 50 times in this way without a significant decrease in response and with a coefficient of variation (CV) of 2.15%.
These results confirmed the reliability and robustness of the immobilized chips.
| Sensitivity and limit of detection of MA by the SPR biosensor
The SPR response signal of each solution containing a fixed con- 
| Comparison with other reported methods
A comparison among different detection techniques for MA in biological samples is shown in Table 1 procedures prior to analysis. [3] [4] [5] [6] [7] [8] [9] [10] [11] This SPR immunoassay is suitable for the direct analysis of oral fluid samples without any pretreatment steps. It requires only sub-microliter levels of sample and avoids the use of organic solvents. In general, this SPR method has the advantages of simplicity, allowing the fast and real-time determination of MA, while achieving comparable or ever lower detection limits than pre-existing methods. 
| Determination of MA in oral fluid samples
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